We demonstrate a diode laser system operating at 399 nm that is stabilized to the 6s 2 1 S 0 − 6s6p 1 P 1 electric dipole transition in ytterbium (Yb) atoms in a hollow-cathode lamp. The frequency stability of the laser reached 1.1×10 −11 at an averaging time of τ = 1 s. We performed an absolute frequency measurement using an optical frequency comb and determined that the absolute frequency of the laser stabilized to the 1 S 0 − 1 P 1 transition in 174 Yb was 751 526 522.26(9) MHz. We also investigated several systematic frequency shifts while changing some of the light source parameters and measured several isotope shifts.
Introduction
The frequency stabilization of lasers using atomic or molecular transitions is an essential technique for high precision laser spectroscopy and laser cooling experiments. Frequencystabilized lasers are also important for many applications such as length and optical frequency metrology. 1, 2) There are, however, few frequency-stabilized lasers for use in the ultraviolet (UV) wavelength region. The development of a frequency-stabilized laser operating in the short wavelength region would provide several potential applications including in astrophysical spectroscopy thus making it possible to search exoplanets. 3, 4) The wavelength and natural linewidth of the 6s 2 1 S 0 − 6s6p 1 P 1 electric dipole transition for ytterbium (Yb), which is a widely used atomic species in atomic physics experiments, [5] [6] [7] [8] [9] are approximately 399 nm and 29 MHz, respectively. The absolute frequency of this transition has been measured in several laboratories using an atomic beam method based on the fitting of the transition profile, [10] [11] [12] without locking the laser frequency to the center of the transition.
To realize an optical reference in the UV region, it is useful to establish a frequency-stabilized laser using this transition in Yb. For example, a diode laser was stabilized to this transition using an Yb hollow-cathode lamp (HCL), which provides high number densities of atoms by using an electrical discharge. 13, 14) In these experiments, Doppler-free isotope lines of Yb were observed using saturation absorption spectroscopy. Laser frequency stabilization using the observed Doppler-free lines was also performed. However, the absolute frequency of the stabilized laser has not been measured, and it may differ from the non-perturbed line center due to the interaction of Yb atoms with the buffer gas (Ne) in the HCL.
In this study, we demonstrate a diode laser system operating at 399 nm that is stabilized to the electric dipole transition using Yb atoms in the HCL and measure the absolute frequency of the laser using an optical frequency comb. We observed improvements in the frequency stability by factors of 5 and 70, compared with the results obtained by Kohno et al. 13) and Wang et al., 14) respectively. Furthermore, we investigated laser frequency shifts when we changed some of the system parameters. The obtained laser frequency will be helpful information as regards the practical use of the frequency-stabilized light source at 399 nm.
Experimental setup

Development of light source at 399 nm
We have developed a light source at 399 nm based on the second harmonic generation (SHG) of a 798-nm diode laser. Figure 1 shows a schematic diagram of the experimental setup.
A home-built external cavity diode laser (ECDL) with a Littrow configuration operating at 798 nm was employed as a fundamental input light source. A commercial diode laser chip (SANYO Electric, DL-LS2075) was used in the ECDL, and the length of the external cavity was about 10 mm. The typical output power of the ECDL at 798 nm was approximately 39 mW. Since this 798-nm power was too weak to generate sufficient power at 399 nm, we employed a home-built tapered amplifier (TA) using a laser diode chip (eagleyard Photonics, EYP-TPA-0795-02000-4006-CMT04-0000). The output beam of the ECDL passed through optical isolators with a total isolation of 60 dB and a pair of cylindrical lenses for spatial mode shaping and was then led into the TA. With a seed power of 39 mW, the TA provided a laser power about 400 mW at 798 nm. After a 30-dB isolator and several cylindrical lenses, the amplified 798-nm light was coupled into a polarization-maintaining (PM) fiber for spatial mode shaping. mW of blue light at 399 nm was sent to a Yb spectrometer using the fiber.
Frequency stabilization using an Yb hollow-cathode lamp
Doppler-free spectroscopy of Yb was carried out based on the modulation transfer technique of saturation spectroscopy. [17] [18] [19] [20] One of the major advantages of this technique is that it generates dispersive-like absorption lineshapes, which sit on a nearly flat, zero background. A half-wave plate (λ/2 plate) and a polarization beam splitter (PBS, PBS1) were introduced to separate the pump and probe beams in the spectrometer and to adjust their power ratio.
The pump beam was frequency shifted by 80 MHz using an acousto-optic modulator (AOM) and phase modulated by an electro-optic modulator (EOM) at a modulation frequency of 21.4 MHz. The AOM was introduced to prevent the interferometric baseline problems in the spectrometer that occur when using counter-propagating pump and probe beams. The phase modulation generated by the EOM was about 0.14 rad. The pump and probe beams were overlapped in the Yb hollow-cathode lamp (HCL, Hamamatsu Photonics), which was usually operated at a voltage of 171 V and a fixed current of 2 mA. The HCL driving voltage was optimized to maximize the signal-to-noise ratio of the modulation transfer signal, and the driving current was determined with a ballast resistor (22 kΩ). The unmodulated probe beam developed sidebands inside the HCL as the result of a four-wave mixing process when saturation occurred. 17) The probe beam was separated from the pump beam by a PBS (PBS2) and detected by a photodetector (PD). A dispersive-like absorption signal was obtained by demodulating the signal from the detector using the signal from a local oscillator (LO). The waveform of the absorption signal was recorded with a digital oscilloscope after the signal had passed through a low pass filter (LPF). The cut-off frequency of the LPF used when recording the spectrum was 100 Hz.
Frequency measurement system using an optical frequency comb
In this study, the absolute frequency of the frequency-stabilized laser at 399 nm was obtained by measuring its fundamental light at 798 nm. The optical frequency comb used in the present measurements was home-built and based on a mode-locked erbium-doped fiber Figure 2 shows the spectrum of the 1 S 0 − 1 P 1 transition in Yb atoms in the HCL observed with modulation transfer spectroscopy. The laser frequency was scanned by using the PZT of the ECDL. Every isotope except 168 Yb was observed, because the natural isotopic abundance is considered to be caused by the pressure broadening that originates from the collision of Yb atoms with the buffer gas (Ne) sealed in the HCL. This has already been reported not only for Yb 13, 14) but also for Ca. 24) Wang et al. 14) reported that the width of the modulation transfer signal of the transition in Yb atoms in their HCL was about 80 MHz.
Results
Frequency stability
The laser frequency was stabilized to the center of the dispersive-like lineshapes by feeding back the absorption signal (error signal) to the PZT of the ECDL through a servo system. slope until τ = 60 s. The Allan deviation of the UTC(NMIJ) is 10 −13 at τ = 1 s, 21) which is much smaller than that of the present laser system. The frequency noise added by the optical frequency comb is 10 −17 − 10 −18 . 25) Therefore, the observed stability of the beat frequency shown in Fig. 3 was limited by the frequency stability of the Yb-HCL-stabilized ECDL.
For comparison, in Fig. 3 we also plot the laser frequency stability observed by Kohno et al. 13) and Wang et al. 14) We observed improvements in the frequency stability (τ 
Absolute frequency measurement
Let f beat be the beat frequency between the comb and the laser at 798 nm. The 798-nm light frequency ν is expressed as follows,
where n is the mode number of the comb, and f rep and f CEO are the repetition rate and carrierenvelope offset frequencies, respectively. Both f rep and f CEO are phase-locked to UTC(NMIJ).
The final quantity that must be determined is the mode number n of the optical frequency comb. If the optical frequency to be measured has already been reported with an uncertainty much smaller than f rep , n can simply be determined by solving eq. (1) for n. However, in the absolute frequency measurement of the 6s 2 1 S 0 − 6s6p 1 P 1 transition using the atomic beam method, [10] [11] [12] there is a considerable difference between the reported results (maximum of 660
MHz). Therefore, we determined the mode number of the comb by using two independent optical frequency combs with different f rep values (88 and 123 MHz). This method is almost the same as that used in the study reported by Holzwarth et al.. Kohno et al. [13] Wang et al. [14] 
14)
to the 1 S 0 − 1 P 1 transition in 174 Yb atoms in the HCL. During the measurements, we repeated the process of locking and unlocking the laser. All the measurements were performed at an HCL driving voltage of 171 V, a pump power of 5 mW and a probe power of 1 mW. Each measurement in Fig. 4 was calculated from 600 to 1000 beat frequency data, where each frequency datum was measured by using a frequency counter with a gate time of 1 s. The uncertainty bars in Fig. 4 were given by the Allan deviation at the longest averaging time among our measurements and are hard to see because the uncertainties are very small. The average value of the results shown in Fig. 4 was 751 526 522.26(9) MHz.
The standard deviation of the five measured frequencies was 0.09 MHz. We also investigated the systematic frequency shifts.
Systematic shifts
Several systematic frequency shifts of the Yb-HCL-stabilized ECDL were investigated. All the measurements were carried out when the ECDL was stabilized to the 1 A maximum frequency shift of 0.3 MHz was observed until ∆θ = ± 2.5 mrad. This indicates that the frequency shift caused by the possible misalignment of the pump and probe beams during the measurements was negligibly small. In addition, the servo electronics offset, i.e., the dc voltage offset between the baseline of the spectrum and the lock point, was adjusted to 8/14 below 3 mV to avoid an offset in the laser frequency. Since the amplitude of the error signal was typically 15 V (peak-to-peak), this dc offset level corresponds to a frequency shift of less than 6 kHz. Furthermore, we observed no obvious frequency shifts for phase modulation depths ranging from 0.072 to 0.14 rad.
Considering the above results, the observed statistical uncertainty in Fig. 4 cannot be fully explained by the investigated systematic effects. In other words, the statistical uncertainty is dominant compared with the systematic uncertainty under the operational coverage of our diode laser system. There may be systematic effects that are unknown or not taken into account in the present measurement, for example the residual amplitude modulation (RAM) in the phase modulation caused by the etalon effect of the EOM. 29) According to its specifications, the EOM used in the present experiment works in a 500 − 900 nm wavelength range.
This means that there could be a rather large reflection of the 399-nm light at both ends of the EO crystal thus introducing a strong etalon effect. Furthermore, the etalon effect varies with the EO crystal temperature, and that could also be affected by long-term variations in the room temperature. We note here that the RAM may also be linked to the fact that the longterm frequency stability could not be improved when the average time exceeded τ = 60 s.
Isotope shifts
The absolute frequencies of the laser stabilized to other isotopes were also measured, and the results are summarized in Table I . Table I but could not be compared with the results that resolve the isotope transitions by fitting the spectrum theoretically. 10, 12, [30] [31] [32] [33] [34] It is worth noting here that although the absolute frequencies of each isotope transition may be different in experiments using a HCL and an atomic beam, isotope frequency shifts are basically independent of the experimental methods. Figure 6 compares the measured laser frequency in the present experiment with the measured transition frequencies in the previous experiments. Das et al. 10) and Nizamani et al. 
Discussion and conclusion
sult is more reliable than the earlier two measurements. 10, 11) Our result for the laser frequency stabilized to the 1 S 0 − 1 P 1 transition in 174 Yb atoms in the HCL is -11.23 MHz from Kleinert's value. 12) In the HCL, Yb atoms interact with the buffer gas (Ne), while the Yb atomic beam is free from collisions with other atoms. Therefore, the difference between our result and that obtained by Kleinert et al. 12) can be mainly attributed to the pressure shift induced by collisions with the Ne buffer gas in the HCL.
The pressure broadening and shift of the 1 S 0 − 3 P 1 transition in Yb atoms at 556 nm have been extensively explored by Kimball et al., 35) while those for the 1 S 0 − 1 P 1 transition have yet to be reported. We were informed by Hamamatsu Photonics that 5 − 10 Torr Ne buffer gas has been sealed in the Yb HCL. Taking the center value of the buffer gas pressure (7.5 Torr),
we calculated the pressure shift due to the Ne gas in the Yb HCL to be 1.5 MHz/Torr using the difference between our result and that obtained by Kleinert et al.. 12) Dammalapati et al. 36) reported that the pressure shift due to the Ne buffer gas in the Ca HCL is 1.4 MHz/Torr.
As for Sr atoms, Shimada et al. 37) states that 5 − 10 Torr of Ne buffer gas is sealed in the commercially available Sr HCL (Hamamatsu Photonics). Using the collisional shift values obtained by Chan and Gelbwachs, 38) we calculated the pressure shifts caused by the Ne buffer gas in the Sr HCL to be 1.2 MHz/Torr. The pressure shifts of the Yb, Ca and Sr atoms caused by the Ne buffer gas are of the same order.
In conclusion, we stabilized a diode laser system, operating at 399 nm, to the 6s 2 1 S 0 − 6s6p 1 P 1 electric dipole transition in Yb atoms in an HCL and performed absolute frequency measurements using an optical frequency comb. We measured the absolute fre- Kleinert et al. [12] Nizamani et al. [11] Das et al. [10] Absolute frequencies of the and also obtained the isotope frequency shifts relative to the 174 Yb line center. We evaluated the systematic frequency shifts for different pump and probe powers, HCL driving voltages and alignments. The present results will provide a useful frequency reference at 399 nm. The developed frequency-stabilized laser at 399 nm can be used for laser cooling Yb atoms for atomic physics experiments such as those involving optical lattice clocks, 6, 8) Bose-Einstein condensates 5) and quantum simulation. 9) It is also useful to employ the frequency-stabilized laser as a frequency marker in an astro-comb 3, 4) covering 399 nm.
